This paper reports on the current state of surface water and ocean contamination models-based on the needs of US Government agencies, their Information Technology (IT) systems, and business processes. In addition, down-selection and evaluation criteria were applied in a two-step process. In Step 1, sixty five surface water and ocean models were identified and researched. In Step 2, the following criteria were explored for each model: 1) model environment (river, lake estuary, coastal ocean and watershed); 2) degree of analysis (screening model intermediate model, advanced model); 3) availability (public domain, proprietary); 4) temporal variability (steady state or time variable/dynamic); 5) spatial resolution (one, two or three dimensional); 6) processes (flow, transport, both flow and transport in an integrated system); 7) water quality (chemical, biological, radionuclides, sediment); and 8) support (user support/training available, user manuals/documents available).
Introduction
The purpose of this project was to research and report on the current state of surface water and ocean water contamination models. Environmental analysts require estimates of water contamination levels and expected dispersion/transport patterns following intentional or accidental chemical (including crude oil and petroleum products) and radiological releases to aquatic environments. Water contamination modeling assists in assessing potential impacts to human/environmental health and government operations by providing predictive estimates of contaminant concentration, speed and direction of travel. Examples of recent water contamination incidents which are of interest are listed in Table 1 .
Water quality modeling has evolved significantly in the last century. The period from 1850 to 1930 was the period of scientific and quantitative understanding of the hydrologic cycle and its processes [1] The frequency of these events (Table 1) is rare, their impacts are high, and their occurrence is hard to predict. The modeling of the above mentioned events have many associated unknowns. The following characteristics make the event challenging from the modeling perspective.  Unknown site characteristics-location, soil characteristics, land use, etc.  Unknown sources of contamination-point or polygon.  Unknown release rate of contaminants-instantaneous or continuous.  Unknown deposition rate of contaminants-dry deposit or wet deposit.  Unknown parameters for data-availability and accessibility of data; sources of data; format of data. Until the 1960s, the scope of the problems that could be solved was constrained by the computational tools available [2] . The advent of digital computers led to major advances in modeling. Water quality model development and complexity kept pace with the advances in computers. The first advancement in the 1960s was the extension of simple 1-dimensional models to 2-dimensional modeling. This was followed by biological modeling (eutrophication) and then multi-dimensional and multi-species modeling. The period since 1980 has seen the development of user-friendly, GIS-linked hydrologic, hydraulic and water quality models, and extensive use of these models in a variety of applications.
This report focuses on riverine, estuarine, and coastal ocean water contamination modeling and addresses three major components that are important to government agency consideration for model selection, evaluation and implementation:  Riverine, estuarine, and/or coastal ocean contaminant model.  Input data for the model.  Expertise required to run the model and interpret the results.
Information and Data Collection
Our first task was to identify and collect information on surface water and ocean contamination models. Water contamination models are developed by many Federal, State, and local agencies, as well as universities, private companies, and non-government organizations. These models were developed for many purposes and by various methods, with varying levels of detail, accuracy and quality. There are literally hundreds of water quality models available. While the number of models is staggering, the fundamental concepts on which they are based are similar. Water quality models represent the following:  The hydrodynamic flow fields that drive the movement of the water quality constituents.  The movement and transformations of the water quality constituents. The large number of models arises from different combinations of these parameters and assumptions and (often minor) differences in the algorithms used to represent particular processes as follows:  Model Environment-River, Lake, Estuary, Coastal Ocean and Watershed.  Degree of Analysis-Models are developed at various levels of complexity, depending on the application needs. The simplest models provide general predictions based on a limited set of environmental or physical factors. The most sophisticated models will solve fundamental equations on a detailed spatial and temporal scale. These models may be integrated with a geographic information system (GIS) which is used to provide spatially-arrayed input data or to spatially display the model results. 
Model Review Methodology
The model review consisted of a two-step process (model identification and summarization of capabilities):
Step 1. Model Identification-The search for available models for river and ocean contamination was initiated by literature review. A comprehensive list of models was developed. The review included the following sources: Step 2. Summarization-The models were summarized based on the information available from the literature and the criteria presented in Table 2 below.
The results are shown in Tables 3 and 4. Table 3 provides the acronyms, names, and availability information of the water contamination models that were identified in the literature review. The salient features and functionality of the available models is summarized in Table 4 .
Development of Model Selection Criteria
The proper selection of a model is essential to the successful simulation of water contamination modeling. Model selection is the first step in a modeling task. As shown in Tables 3 and 4 , there are numerous riverine and ocean water models available. Government requirements can be met with a suite of models appropriate for riverine, estuarine, and the coastal ocean environment. The selection of these models is based on meeting a specific modeling objective (e.g., a toxic spill in a river affecting drinking water supplies downstream). The major differentiators between the models identified in this report is the way they handle spatial and temporal dimensions and how they model the fate and transport processes. Not all models, however, are appropriate under all conditions. They vary greatly with respect to their analytical approach, underlying assumptions, data needs, and output capacity. The process of selecting a model is not limited to evaluating the model science. The level of sophistication required in a modeling study reflects constraints such as:  Accuracy required.  Allotted time frames for study completion.  Availability and reliability of input data.  Training and expertise required for model operation.
These constraints and others combine to determine whether modeling is an appropriate tool for achieving the objectives, which model is the best choice for application and the limitations in interpreting the model results. Confidence in model results is based on the quality of data used to construct the model, the capabilities of the modeler, and the proven ability of the model to simulate observed phenomena [84] . For the development of the model selection criteria, issues addressed by the National Research Council [85] , Environmental Protection Agency [86] and criteria discussed in the literature were reviewed. The following three issues were addressed in developing the model selection criteria:  Model characteristics.  Input data.  Technical expertise.
Model Characteristics
The choice of the appropriate level of model complexity is determined in large measure by the nature of problem. The ability to model the transport, transformation and fate of sediments and interacting contaminants in surface water systems rests upon the ability to select a model or models which appropriately represents the most significant processes controlling the system. Since model studies are most often conducted under economically imposed constraints, including personnel, model software availability, computer hardware limitations, and the availability of field data for model calibration and validation, modeling strategies often necessitate selection of a model which meets minimum, but acceptable, criteria for process representation. The model selection criteria are organized into three categories as described below:
Application criteria specify the nature and intent of the analysis to be performed. The application criteria for model selection are based primarily on: 
Input Data to Support the Model
The model data plays a crucial role in the model selection process. For water contamination modeling, three types of data are required.  Input data.  Data for calibrating the model.  Data for validating the results.
Issues pertaining to assembling and entering data into the model include the following:  Existence of data.  Collection of data (data collection is a resource intensive exercise which can be a critical factor during emergencies). 
Expertise of the Modeler
A typical modeling application requires data collection, data preparation, model simulations, results interpretation, and model reporting. All these steps are dependent on the expertise of the modeler. Expertise of the modeler will have a major impact on model results.
Staff resources are also a major consideration in modeling. Familiarity of the modeler with a particular type of model (e.g., finite element versus finite difference), or direct experience with a model sometimes get considered as a factor in the model selection. But in no case, however, should familiarity with a model dictate its selection when it does not satisfy the objective, technical, and implementation criteria.
Summary and Conclusions

Model Evaluation Criteria
Modeling strategies often necessitate selection of a model which meets minimum but acceptable evaluation crite- 
Data as Evaluation Criteria
For Outside the Continental United States (OCONUS) riverine, estuarine, and ocean modeling applications, data can be a limiting factor.  Availability of data in foreign countries can be a limiting factor, especially in regions of conflict. For example, no hydrological data has been collected in Afghanistan after 1979.  Collection and preparation of data even for a simple model requires time. This is particularly important in emergency situations where fate and transport of contaminants is required immediately for a proper response. Therefore, focus on data should also be an important factor in model selection.  Language is a major barrier for data collection in foreign countries. Usually countries collect data in their national language and rarely is it available online or translated into the English language.  Data may be collected only for the main reaches of major rivers or estuaries. Data for other hydrological parameters (depth, width, velocity, roughness coefficients etc.) may not available.  In many developing countries data is not freely available. In many countries because of unresolved transboundary issues data is not freely distributed.  In developing countries hydrologic data is more available than water quality data because of resource development and management.
Technical Expertise as Evaluation Criteria
Technical expertise of the modeler should be considered as part of the evaluation criteria. The modeler is the human interface in the whole modeling exercise. The modeler not only runs the model but also calibrates the model, validates the results, and interprets the output. The following criteria should be considered for the technical expertise evaluation:  Level of technical expertise needed to run the selected model.  Manpower required to run the model.  Training requirements.  IT support for the model.
Additional Criteria
A critical requirement of several government agencies is to acquire the capability to model "unusual events" in the aquatic environment. These "unusual events" have certain modeling and data unknowns as illustrated below. These unknowns are the limiting factors for model selection.  Site characteristics. 
